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POLYfENAMINONITRILES)  CONTAINING  BIPHENYL  AND  TERPHENYL 
RINGS  IN  THE  MAIN  CHAIN. 


J.  A.  .Moore  Sang  You!  Kim 

Department  of  Chemistry,  Rensselaer  Polytechnic  Institute,  Troy,  NY  12180-3590 


Abstract:  Two  new  monomers,  4,4'-bis(l-chloro-2,2-dicyano  vinyl)biphenyi  and 
4,4"-bis(l-chloro-2,2-dicyano  vinyl)-p-terphenyl,  have  been  synthesized  and 
polymerized  with  several  diamines  by  vinylic  nucleophilic  substitution  produd^ 
polyfenaminonitriles)  with  molecular  weight  varying  from  low  to  moderately  high, 
depending  on  the  diamines  used.  The  polymers  were  soluble  in  polar,  aptotic 
solvents  before  thermal  curing,  but  became  insoluble  at  high  temperatures  without 
the  evolution  of  volatle  byproducts.  These  new  polymers  exhibit  excellent  thermal 
stability,  particularly  when  they  contain  para-linlced  aromatic  rings.  Dielectric 
measurements  of  some  of  the  polymers  revealed  dielectric  constants  of  at  least  4. 


INTRODUCTION 

An  analogy  between  dicyanomethylidine  and  carbonyl  groups  was  pointed  out  by  Wallenfells^ 
in  1966.  Because  of  the  strong  electron  withdrawing  cnaracteristics  of  nitrile  groups,  (the 
electronegativity  of  -CN  substituted  carbon  atoms  resembles  that  of  N.  0,  and  F  atoms),  a 
C=C(CN)2  group  may  be  viewed  as  the  structural  equivalent  of  a  carbonyl  group.  The  groups 
have  similar  inductive  and  resonance  effects,  and  have  close  parallels  in  many  reactions.  The 
following  dicyanomethylidine  derivatives  may  also  be  considered  as  structurally  equivalent  to 
;he  corresponding  carbonyl  derivatives. 
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The  application  of  this  analogy  in  polymerization  was  not  realized  until  Moore  and  Robello^ 
prepared  poly(enaminonitriles)  from  the  bifuncticnal  l-chloro-2,2-dicyano  vinyl  monomers 
with  aromatic  diamines.  The  poly(enaminonitriie)  from  l,4-bis(l-chloro-2,2-dicyanovinyl)^^p^^ 
benzene  and  4-amino  phenyl  ether  has  excellent  thermal  stability.  The  advantage  of  thetu,;^  i: 


.'naminomtrile  structural  unit  is  that  it  can  be  cyciizea  to  an  aminoquinoiine  wnich  maices  the 
.•yciized  polymer  stable  and  insoluble.  Before  cyclizanon,  the  enaminonitnie  group  greatly 
.'finances  the  solubility  of  the  polymer  in  organic  solvents.  Another  advantage  is  that 
yoiytenaminonitriles)  have  good  hydrolytic  stability  (polytamic  acid)  is  sensitive  to 
ydroiysis).  However,  tne  aieiecmc  constant  of  polymer  1  is  aoout  oA  The  enairanomtrile 
group  IS  strongly  polanzed  as  reflected  in  the  carbon!  nuclear  magnetic  resonance  (NMR) 
spectrum  of  the  polymer.  The  difference  between  the  chemical  shifts  of  the  cr,  >n  atom 
•'earing  the  amino  group  and  the  carbon  atom  bearing  two  nitnle  groups  is  approxii..aieiy  1 10 
ppm. 


RESULTS  AND  DISCUSSION 

NC  CN  "C  CN  NC  CN  NC  CN 
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1  2 

To  determine  tne  influence  of  structural  variation  on  the  dielectric  behavior  of 
foiytenaminonitriles),  it  was  decided  to  synthesize  monomers  containir  the  Diphenyl,  1  and 
erphenyi,  2.  because  control  of  dielectnc  constant  is  a  crucial  factor  for  interlayer  dielectric 
■DPiications  in  VLSI.  It  is  expected  that  the  biphenyl  and  terphenyl  ring  in  the  polymer  chains 
•viil  decrease  the  dielectric  constant  of  the  polymer  by  diluting  the  number  of  polarized 
-‘naminonitrile  groups  in  the  pcivrner  backbone.  The  poly  (enaminonitnles)  derived  from 
'lohenyi  and  terphenyl  monomers  should  also  give  matenals  of  higher  glass  transition, 
•nhanced  thermal  stability,  kiwer  water  absorption  and  reduced  coefficient  of  thermal 
'xpansion.  .A  previously  reponed  procedure^  for  the  preparation  of  bisichlorovinylidene 
cyanides)  involves  the  condensauon  of  malononitrile  with  tercphthaloyl  chloride  in  the  presence 
of  a  phase  transfer  catalyst.  The  precipitated  sodium  enolate  was  subsequendy  chlorinated  with 
phosphorus  oxychlonde. 
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Cie  s>  ntnesis  or  the  desireo  mono'ners  thus  required  the  analogous  diacid  chlondes  as  starting 
•''.arenals.  Biphenyl  dicarboxyiic  acid  chlonde.  4.  was  prepared  by  Friedei-Crafts  reaction  of 
apnenyi  with  oxaiyi  chionoe  ana  aiuminium  cnlonde  and  suDsequent  chlonnation  of  the 
resulting  biphenyl  diacid.  3,  with  thionyl  chloride.'^  However,  the  Friedel-Crafis  reaction  of 
biphenyl  with  oxalyl  >.liloiide  gave  a  large  amount  of  ketonic  by-products  as  determined  by 
•  nfrarea  (IR)  spectronietrv'. 
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The  formation  of  ketonic  by-products  was  avoided  by  reacting  biphenyl  with  acetic  anhydride. 
The  Friedei-Crafts  acylation  product,  diacetyl  biphenyl.  5.  was  oxidized  to  the  corresponding 
diacid  with  sodium  hypochlorite^  and  then  converted  to  the  diacid  chloride. 
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Even  though  the  procedure  takes  one  more  step  than  direct  conversion  of  biphenyl  to  diphenic 
acid,  the  oxidation  reaction  proceeded  almost  quantitatively,  resulting  in  a  higher  total  yield. 


p-Terphenyi  dicarboxylic  acid,  6,  was  prepared  from  p-cerphenyl  and  oxalyl  chloride 
following  modified  Friedel-Crafts  reaction  conditions.^  The  ketonic  by-products  were  removed 
by  recrystalli2dng  terphenyl  dicarboxylic  acid  chloride.  7,  twice  from  benzene. 


7 


.A  literature  survey  revealed  that  the  oxidation  of  diacetyl  p-terphenyl  to  terphenyl  dicarboxylic 
acid  required  fairly  drastic  reaction  conditions.^  It  should  be  noted  that  p-terphenyl 
dicarboxylic  acid  is  not  soluble  in  10%  sodium  hydroxide  solution.^ 

The  condensation  of  bipnenyl  dicarboxylic  acid  chloride  with  malononitnle  in  the  presence  of  a 
phase  transfer  catalv^t  prcxluced  only  trace  amounts  of  the  desirea  product  t  <1%  )  with 
uphenyl  dicarboxylic  acia.  J.  as  the  major  product  under  vanous  reacnon  conditions. 


All  phase  transfer  catalyzed  reactions  involve  at  least  two  steps^:  1)  transfer  of  one  reagent 
from  its  normal  phase  into  the  second  phase  and  2)  reaction  of  the  transferred  reagent  with  the 
local  reagent.  Therefore,  condensation  of  biphenyl  diacid  chloride  with  malononitrile  under 
phase  transfer  catalysis  can  be  formulated  as  shown  in  Scheme  1.  It  is  clear  from  Scheme  1  that 
hydrolysis  of  the  acid  chloride  could  be  a  competing  reaction  and  the  desired  product  can  be 
obtained  only  if  k2  and  are  sufficiently  larger  than  k].  The  reaction  yields  from  malononitrile 
with  terephthaloyl  chlonde  and  isophthaloyl  chloride  were  43%  and  29%^^,  respectively, 
v/hich  indicates  that  hydrolysis  (or  other  side  reactions)  occur  significantly.  Therefore,  the 
unsuccessful  attempt  with  the  biphenyl  dicarboxylic  acid  chloride  can  be  attnbuted  to  the  fact 
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Scheme  1 

■nat  tne  nydrolysis  ot'  bipr.en\i  diacid  chloride  under  these  conditions  is  much  faster  than  the 
condensation  reaction  of  terephthaloyi  chloride  with  malononitnle.  Organic  bases  should 
T.erefore  be  employed  to  avoid  hydrolysis  of  the  acid  chlonde.  Organic  base-catalyzed 
conaensation  of  acid  chlorides  with  malononitnle  was  reponed  by  Libis  and  Fleury^^.  The 
tnethyl  ammonium  salt  of  bisenol  II  has  been  prepared^O.  but  chlorination  cf  compound  11 
failed.  The  condensation  of  biphenyl  diacid  chloride  with  malononitnle  catalyzed  by 
'neihylamine  produced  a  viscous  liquid  product.  'Hie  treatm.ent  of  this  product  with  a  mixture 
of  dichloromethane  and  5T  hydrochloric  acid,  according  to  the  previous  procedure^^,  did  not 
give  the  desired  product.  Instead,  only  hydrolyzed  biphenyl  diacid  was  obtained.  It  was 
'bought  that  a  stronger  organic  case  should  be  used  for  the  biphenyl  case  because  biphenyl 
Jiacid  chloride  is  less  reactive  with  malononitnle  than  is  terephthaloyi  chloride,  probably 
because  the  two  carbonyl  chlorides  at  the  para  positions  on  the  same  phenyl  ring  are  more 
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efficiently  activated  than  the  two  acid  chlorides  connected  through  two  phenyl  rings.  Several 
organic  bases  which  have  slightly  larger  pKa  values  than  malononitnle  (see  Table  1)  were 
selected  and  examined  in  the  condensation  of  biphenyl  diacid  chloride  with  malononitnle.  The 
condensation  of  biphenyl  diacid  chloride  and  malononitrile  with  diisopropvl  anrinc,  1,8- 


:/D< 


iazaDicycloi5.4.i)iunaec-7-:ne  :DBU')  ana  Proton  Sponge  ‘  gave  the  desired 
is( diisopropyl  ammonium)  salt,  8.  ana  the  corresponding  DBU  and  Proton  Soonge^^  salts 
^  a  major  product.  Easy  worK  ud  ana  ounncation  or  the  ois( ammonium)  salt  prompted  the 
.'.oice  of  diisooroDyi  amine  ;ls  tne  nase  lor  tne  conaensation  reaction. 


Organic  Base  pKa 

Trieihyl  amine  il.Ol 

Diisopropyi  amine  11.13 

Pyrrolidine  11.27 

DBU*  11.5>“b 

Proton  Sponge  i  2.37 


'!.8-DiazaDicyclo(5.4.()|undec-7-ene. 
‘* !  .8-Bistdimethylamino)naphthalene. 


It  was  found  later  that  chlonnation  of  the  bistdiisopropyl  ammonium)  salt  (8)  or  the 
-orresponding  DBU  salt  could  also  be  effected  without  separation  of  the  corresponding  amine 
•yarochloride  by-product.  The  ternary  base.  DBU.  gave  higher  yields  than  did  diisopropyl 
'.mine,  because  the  secondarv'  amine  can  form  an  amide  with  the  acid  chlonde. 
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Chlorination  of  the  bis{ triethyl  ammonium)  salt  with  SOCD  and  PCls  was  unsuccessful  and 
the  difficulty  of  chlonnation  was  attnbuted  to  the  ease  of  expulsion  of  maiononitnle  anion  from 


•r.e  postulated  intermediate. !f  the  explanation  tor  the  failed  chlonnation  is  correct,  the 
chlorination  with  ohosohonis  oxychloride  could  avoid  the  problem.  With  POCI3.  the  reacnon 


Cl  -'N 
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;-,:crmediate  may  not  ticveinD  negauve  charge  on  me  caroon  atom  adjacent  to  me  nitnle  groups, 
'■’te  cnlonnation  of  his  (oiisopropyi  ammonium)  salt  8  proceeded  successfully  with 
phosphorus  oxychloride  in  dichloroethane.  The  successful  chlorination  may  stem  from 
•'ormation  of  a  stable  phosphate  salt  which  is  a  good  leaving  group.  The  chlonnation  of  8  with 
isaiyi  ctilonde  was  unsuccessful. 


Terphenyl  monomer  2  was  also  prepared  by  the  same  procedure.  Both  monomers  were  stable 
solids  which  could  be  purified  by  recrystaliization  from  chlorobenzene  and  could  be  stored  at 
room  temperature  in  a  desiccator  for  many  weeks  without  any  decomposition. 


3i';(  l-chloro-2.2-dic>an()\  iru  1 1  monomers  I  and  2  were  polymerized  with  several  diamines  as 
aown  in  Scheme  2  to  rrouiice  polytenarmnonitriles).  In  a  typical  polymerization  procedure, 
:uuimolar  amounts  ot  the  bisi  l-chloro-2.2-dicyanovinyl)  monomer  and  the  diamine  were 
Tiixea  at  room  temnerature  in  a  polar  apronc  solvent.  N-methyl  pyrrolidone  ( NNIPI  containing 
2'~r  LiCl  in  the  presence  ot  one  equivalent  ot  [2.2.2]  diazabicyclooctane  tDABCO)  as  an  acid 
acceptor.  The  mixture  turned  dark  brown  and  then  gradually  changed  to  light  brown  as 
nolymerization  proceeded.  The  solution  was  warmed  to  75  ’C  and  stirred  for  14  hours  to 
.omplete  the  reaction.  The  polymer  was  precipitated  in  water  and  collected  by  filtration.  The 
•'oiymer  was  purified  by  reprecipitation  from  NMP  solution  into  water.  The  filtered  polymer 
vas  washed  with  deionized  water  several  times  and  then  dried  in  vacuum  at  90  ‘C  for  a  day. 
Polymerization  of  monomer  2  was  carried  out  in  a  2  to  1  mixture  of  NMP  and 
•.examethylpho.spnoramidi  (H.MPA)  containing  2%  LiCl. 

Scheme  2 
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The  model  compound.  4,4'-his(  1 -(4-pheno\ypheny!amino)-2.2-dicyanovinyi|  biphenyl  10, 
•',as  .ilso  nrepared  by  rcactinir  hmhenyi  monomer  I  with  4-phenoxy  aniline.  This  model 
.ompound  represents  anp'"n;mateiv  one  and  one  halt’  repeating  units  ot  polymer  11.  The 
'.'.odel  comtxiunci  was  obtained  in  ver>'  good  yield  under  mild  conditions. 
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The  spectroscopic  data  for  polymer  11  closely  matched  those  of  the  model  compound  10.  All 
polymers  except  16  were  soluble  in  polar  aprotic  solvents  such  as  .NMP,  N,N- 
Jimeihylformamide  (DMF),  N.N-dimethylacetamide  (DMAc)  and  dimethylsulfoxide  (DMSO). 
Polymer  16  was  only  soluble  in  hot  DMSO,  pyndine  and  NMP  containing  LiCl.  Fingernail 
creasable,  transparent  yellow  films  were  cast  from  DMF  solution  except  for  polymer  13  and 
14.  Films  of  polymer  13  and  14  were  somewhat  brittle,  probably  because  of  relatively  low 
molecular  weight  of  these  polymers.  In  the  polymerization  of  poly(enaminonitnle)  14,  steric 
hindrance  caused  by  the  bulky  methoxy  group  affects  the  reaction  more  adversely  than  the 
nucleophilic  character  of  the  amine  is  increased  by  methoxy  groups  at  the  2  and  2'  positions.  It 
seems  that  benzidine,  the  comonomer  of  polymer  13,  is  the  least  reactive  among  the  diamines 
used.  The  high  viscosity  of  polymer  16,  compared  with  number  average  molecular  weight  (see 


::ie  I.,  may  Ntem  ;roin  u.Cl  .-.men  increases  :ne  roianty  or  solvent.  NMP.  ^nd  thus 
Mvaang  power,  resuirina  in  a  more  e,xtenaea  ooiymer  cnain  in  solution. 
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fHER.MAL  PROPERTIES 

"he  inermai  propemes  ot  these  polymers  were  examined  by  TGA  and  DSC.  Previous  work^^ 
':iov.ed  that  poly(cnaminonitnles)  could  be  cyciized  without  evolution  of  volatile  by-products 
::  a  polymer  containing  .some  amount  of  aminoquinoiine  structures.  DSC  analysis  showed  a 
rnaa  exotbermic  peak  for  all  six  polytenaminonitnles).  The  maxima  of  these  peaks  appeared 
T'sm  350  ‘C  to  4(X)  °C  depending  on  the  structure  of  the  polymers.  When  the  samples  were 
..loied  and  rescanned,  no  exotherms  were  observed. IR  spectra  of  a  film  of  polymer  11  were 
•  iken  periodically  while  the  sample  was  heated  at  4(X)  °C  in  a  nitrogen  atmo.sphere.  As  curing 
of  the  polymer  proceeds  the  enamine  stretching  band  at  3260  cm'^  disappears  and  is  replaced 
bv  two  new  bands  at  3365  cm'^  and  3480  cm*^  which  are  characteristic  of  primarv  amines.  At 


“e  'Jame  time,  tne  intensity  ot  the  nitnle  band  at  2210  cm'‘  decreases  to  approximately  half 
-cmparea  with  the  intensity  of  the  nitrile  band  of  the  uncured  polymer.  These  changes  in  IR 
nectra  are  consistent  'Aith  intramolecular  cyclization  of  an  enaminonitnle  unit  to  an 
.riv.noquinoiine  structure. 

The  intramolecular  c\ciization  wa.s  also  retiected  in  tne  DSC  carves  wnere  the 
r.aximum  exothermic  peak  appeared  at  different  temperatures  depending  on  the  structure  of  the 
mime  comonomer  (see  Table  31. 

Taoie  3.  Exothermic  peak  temperature  and  Tg  of  polytenaminonitnles)  observed  by  DSC. 


Polymer 

Exothermic  Peak 

“Tg 

Temperature  ('“C) 

(*C) 

11 

350 

220 

12 

'50 

- 

13 

•70 

325' 

14 

'50 

- 

1 5 

'60 

240 

16 

‘  After  cunnu. 

'55 

- 

■^'Mv(enaminonimles)  II.  12.  14.  15  and  16  from  amines  beanng  electron  donating  groups 
enveu  tne  maximum  exotnerm  around  350  °C.  The  polymer  from  benzidine,  which  does  not 
•ase  any  electron  donating  or  withdrawing  group  on  the  nng,  showed  a  maximum  at  370  *C. 
"T.ese  results  suppon  the  proposal  that  the  rearrangement  reaction  occurs  through  electrophilic 
rnmatic  substitution  (arenium-ion  mechanism)'-^  In  this  mechanism,  electron  donating 
."rnins  staoilize  the  intermeaiates.  while  electron  wundrawing  groups  which  increa.se  a  positive 
-  .targe  on  the  nng  destabilize  the  intermediates. 

Thermo  gravimetric  analysis  of  the  six  polymers  in  air  and  under  nitrogen  showed  that  the 
Doiymers  have  excellent  thermal  stability.Structural  effects  on  the  thermal  stability  arc  clearly 
'erlec.ed:  better  thermal  stability  is  obtained  the  more  para-linked  aromatic  nngs  are  in  the 
polymer  cnain. 

The  tnermal  stability  ot  six  polymers  11.  12.  13.  14,  15  and  16 's  summarized  in  Table  4. 
The  temperature  at  which  10%  weight  loss  of  polymers  15  and  16  with  more  para-linked 
uromatic  rings  in  the  chain  is  higher  than  for  polymers  11  and  12.  The  10%  weight  loss 
emperatures  of  polymer  11  and  12  indicate  the  effect  of  flexible  linking  groups  on  thermal 
stability  of  polymers.  Polymer  12.  which  has  two  ether  linkages,  was  less  stable  in  air  and 
nitrogen  than  polymer  11  which  has  only  one  ether  linkage  in  the  repeating  unit.  Polymer  14, 
.^nich  has  methoxy  groups  on  the  aromatic  nngs,  showed  the  least  thermal  stability  among 
these  six  polvToers.  Generally,  replacement  of  hydrogen  by  other  atoms  except  fluorine  results 
in  reduced  thermal  stability.  At  elevated  temperature  in  an  oxidizing  atmosphere,  hydrogen 
substituents  themselves  become  reactive.  In  air,  polymer  11  has  a  higher  10%  weight  loss 
temperature  than  does  polymer  13,  even  though  polymer  13  exhibited  better  thermal  stability 


:naer  nitrogen.  This  apparentiy  contlicting  result  may  stem  from  the  molecular  weight  of  the 
polymers,  which  has  more  effect  in  air  than  in  nitrogen.  Intnnsic  viscosities  of  polymer  11  and 
13  are  0.38  dL/g  and  0.30  dL/g,  respectively. 

Table  4.  Weight  Loss  of  Polyienaminonimies)  in  TGA. 


'olymer 

107c  Weight  Loss 

107o  Weight  Loss 

Residual  Weight 

Temperature  in  .N2 

Temperature  in  air 

at  900  X  in  N2 

11 

600  “C 

330  X 

81 

12 

520 'C 

500  X 

73 

13 

610 -C 

500  X 

77 

14 

470  ’C 

450  X 

71 

15 

(>40  X 

570  X 

84 

16 

'.^0  T 

545  X 

80 

DIELECTRIC  I’ROPERTIES 

■i 

I:  was  reponeo  earlier-  that  poiyienaminonitnle)  1  had  a  dielectnc  constant  greater  than  5  which 
•s  large  compared  with  that  of  a  corresponding  polyimide  and  this  high  dielectnc  constant  was 
attributed  to  the  presence  of  the  strongly  polarized  enaminonitrile  group.  Polyienaminonimies) 
:rom  Diphenyl  monomer  1  and  terphenyi  monomer  2  should  exhibit  lower  dielecmc  constants 
:nan  polymer  XII.  Dielectnc  constants  of  these  polymers  were  measured  with  mercury 
.'iectrodes  using  an  HP  4274A  LCR  meter  at  room  temperature.  The  frequency  range  was  0.1 
0  100  KHz.  'The  films  had  been  cast  from  DMF  soiunon.  The  results  are  shown  in  Table  5  to 
■■  The  aielectnc  constant  of  polytenaminonitriles^  11.  12. 13  and  14  at  100  KHz  were  4.95, 
3.94,  4.53  and  4.04,  respectively.  These  values  are  smaller  than  the  dielectric  constant  of 
poiyfenaininonitrile)  XII.  These  results  clearly  show  the  dipole  dilution  effect  on  dielectric 
constant  of  the  polymer.  A  bulky  monomer  lowers  the  number  of  strongly  polarized 
enaminonitrile  groups  per  unit  volume. 


Table  5.  Dielectnc  measurement  tor  poiytenaminonitnie )  11.  The  film  thickness  was 
17.9  iim.  After  the  initial  measurement,  the  film  was  soaked  in  boiling  water  for  3  hours,  and 
then  redried  in  vacuum  at  1 10  ’C  for  3  days 


Frequency 

Before  being 

.\fter  being 

■After  being 

(KHz) 

soaked  in  water 

soaked  in  water 

redried  in  vacuum 

e 

tan  5 

e 

tan  5 

8 

tan  6 

0.1 

5.\9 

0.0124 

5.88 

0.0143 

5.10 

0.0093 

0.2 

5.16 

0.0116 

5.84 

0.0132 

5.09 

0.0089 

0.4 

5.14 

0.0105 

5.81 

0.0119 

5.06 

0.0082 

1 

5.10 

0.0097 

5.77 

0.0110 

5.03 

0.0080 

T 

5.08 

0.0093 

5.75 

0.0104 

5.01 

0.0079 

4 

5.06 

0,0091 

5.72 

0.0099 

5.00 

0.0079 

10 

'  ')4 

1.0097 

5.69 

OOlOO 

i  97 

0.0087 

:o 

-■  'll 

>0106 

5.66 

0.0103 

4.95 

O.0095 

40 

a  <)U 

M)i:0 

5.64 

).0108 

T93 

)  0107 

100 

4  05 

>0141 

5.60 

0.0117 

4.89 

o.oi:o 

Table  6.  Dielectnc  measurement  for  poly(enaminonitrile)  12.  The  film  thickness  was 
■  4  1  um.  After  the  initial  measurement,  the  film  was  soaked  in  boiling  water  for  3  hours. 


Frequency 

iletore  being 

soaked  in  water 

.After  being 

soaked  in  water 

(KHzi 

8 

tan  5 

8 

tan  6 

0.1 

4.08 

0.0085 

4.53 

0.0096 

0.2 

4.07 

0.0080 

4.51 

0.0091 

0.4 

4.06 

0.0072 

4.50 

0.0083 

1 

4.04 

0.0068 

4.47 

0.0079 

-> 

4.03 

0.0066 

4.46 

0.0076 

4 

4.02 

0.0066 

4.44 

0.0074 

10 

4.00 

0.0073 

4.42 

0.0079 

20 

3.99 

0.0083 

4.41 

0.0084 

40 

3.97 

0.0096 

4.39 

0.0093 

100 

3.94 

0.0117 

4.36 

0.0108 

■■.;oie  ~  Dieiecmc  measurement  tor  poiytenaminonimie)  13.  The  nim  tnicKness  was 
.“.5  lim.  .After  the  initiai  measurement,  me  film  was  soaked  in  noiiine  water  tor  3  hours,  and 
ten  reoned  in  vacuum  at  i  iO  T  for  days. 


frequency  ..efore  nema 


\fter  Deing 


\ner  neing 


(KHz)  >oaked  in  water  soaked  in  water  redried  in  vacuum 


c 

•an  0 

C 

tan  0 

c 

:an  6 

). ! 

• 

).0i48 

•>.03 

).0423 

4.93 

;.0124 

0.2 

4.74 

0.0136 

5.94 

0.0346 

4.90 

0.0116 

0.4 

4,72 

0.0122 

5.87 

0.0288 

4.88 

0.0106 

i 

:  dS 

'0112 

.'.78 

0.0236 

4.85 

0.0100 

- 

-1  00 

'H)106 

5.73 

0.0207 

4.83 

0.0096 

■M)i04 

'.69 

).01S6 

4.81 

0.0094 

.0 

.  r.  ; 

OIOS 

'  o3 

)  0 1  (>9 

4  78 

".0098 

:o 

'  1)  1  i  .s 

\59 

O0160 

4  76 

o  0102 

-10 

10126 

5  55 

0.0154 

4.74 

).()107 

:(X) 

"0145 

'.50 

0.0150 

4  "0 

0.0109 

i  aole  Dielectnc  measurement  tor  poiytenaminonitnle)  14.  Tlie  film  thickness  was 
>•>  '„m. 


Frequency 

'KHz) 

( apacitance 

F  \  iOll) 

£ 

tan  6 

0.1 

f>9  37 

4.29 

0.0197 

0.2 

(>8.8  5 

4  26 

0.0175 

0.4 

(>8.37 

4.23 

0.0153 

1 

67.76 

4.19 

0.0135 

-) 

67.40 

4.17 

0.0123 

4 

'>7.08 

4.15 

0.0116 

10 

■i6.61 

4  12 

0.0113 

20 

(>6.29 

4.10 

0.0115 

40 

05.96 

4  08 

0.0118 

100 

(>5.40 

4.04 

0.0120 

\  (Jipoie  moment  of  4.21  D  was  calculated  for  the  following  enaminonitnle  when  the  amino 
:roup  was  coplanar  with  the  double  bond. 


■".ibie  9  contains  dieiectric  data  ot  four  poly(enaminonitnles)  ano  the  volume  ot  the  repeating 
unit  of  each  polymer.  The  volume  was  calculated  from  group  contribution  parameters'^.  Even 
•hough  the  dielectric  constant  is  not  directly  proportional  to  the  volume  of  the  repeating  unit,  the 
iata  show  that  the  larger  the  repeating  unit  volume,  the  lower  the  dielectric  constant.  Polymers 
14  and  12  have  very  small  differences  in  dielectnc  constants  compared  to  the  difference  of 
repeating  unit  volumes.  This  result  could  be  caused  by  the  bulky  methoxy  group  which 
x'cuoies  volume  without  contributing  significantly  to  the  net  dipole  m.oment  of  the  molecule 
and  forces  the  large  dicyano  groups  off  the  same  side  of  the  molecule,  resulting  in  a  reduction 
•:  the  'let  dipole  moment.'^  Polymer  13  has  a  lower  dielectric  constant  than  polymer  11 
s  men  has  a  larger  repeating  unit  volume.  This  discrepancy  mav  be  the  result  of  absence  of  the 
.'.ner  linkage,  resulting  in  more  ngid  structure  which  makes  onentation  of  the  polar  groups 
more  cifficult.  The  oxygen  atom  also  affects  the  net  dipole  moment. 

r,.ble  9.  Repeatuig  unit  volume  and  dielectnc  constant  of  poly(enaminonitnles) 

Polymer  Volume  of  Repeating  Unit*  Dielectric  Constant 


(cm^/mol) 

at  100  KHz 

12 

449 

3.94 

14 

419 

4.04 

1 1 

373 

4.95 

13 

363 

4.53 

‘  Calculated  from  group  contnbution  parameter^^. 

Electronic,  atomic  and  orientation  polarization  are  all  caused  by  charges  that  are  locally  bound 
in  atoms,  molecules  or  the  structure  of  .solids.  Another  type  of  polarization  in  the  bulk  sample, 
the  so  called  interfacial  polarization,  can  occur  when  the  sample  contains  defects  or  a  separated 
phase.  The  separated  phases  cause  a  localized  accumulation  of  charge  at  the  interfaces  which 
increases  the  dipole  moment .  resulting  in  unusually  high  values  of  dielectric  con.  ant  at  low 
frequency.  Interfacial  polarization  principally  influences  the  low  frequency  (10'^  to  10^  Hz) 
dielectric  propenies  and  decreases  as  frequency  increases.  The  dielectric  data  of  polymers 
11.12.  13  and  14  did  not  show  the  phenomenon  expected  from  interfacial  polarization. 
Orientation  polarization  is  a  relatively  slow  process  compared  with  electronic  and  atomic 
polarization.  Dielectric  relaxation  is  the  lag  in  dipole  onentation  behind  an  alternating  electric 
field.  Under  the  influence  of  such  a  field,  the  polar  molecules  of  the  system  rotate  toward  an 
equilibrium  distribution  in  molecular  orientation  with  a  corresponding  dielectric  polarization. 
When  the  polar  molecules  are  very  large  or  the  viscosity  of  the  medium  is  very  high,  the 
rotating  motions  of  the  molecules  are  not  sufficiently  rapid  for  the  attainment  of  equilibrium 


with  the  field.  The  polarization  then  acquires  a  component  out  of  phase  with  the  field,  and  the 
displacement  current  acquires  a  conductance  component  in  phase  with  the  field,  resulting  in 
dielectnc  loss  which  is  usually  a  thermal  dissipation  of  energy.  The  complex  dielectric 
constant  of  the  dielectric  material  is  expressed  as  £*  =  £'  -  i£"  where  £'  is  the  measured 
dielectnc  constant  of  the  sample  and  £"  is  the  imaginary  pan  of  the  dielectnc  constant ,  f.nown 
as  the  dielectric  loss  factor.  The  ratio  of  £'  and  £"  is  called  tan  5. 

^  _  §2  _  energy  dissipated  per  cycle 
tan  0  -  -  energy  stored  per  cycle 

Tan  5  is  usually  called  the  dielectric  loss  tangent  or  the  dissipation  factor.  The  dielectric 
constant  and  dielectnc  loss  at  high  frequency  are  characteristics  of  the  chemical  structure  of  the 
polymer.  Tan  8  becomes  increasingly  sensitive  to  small  molecules  such  as  residual  solvent, 
•'.ater  or  impunties  in  polymer  films  at  low  frequency.  If  there  is  a  significant  amount  of 
residual  solvent  or  ionic  impunties  such  as  LiCl,  tan  6  would  be  high  at  low  frequency  and 
much  lower  at  high  frequencies.  As  shown  in  Table  5.  6.  7  and  8,  tan  5  for  polymer  11, 12, 
13  and  14  changes  very  little  over  the  whole  frequency  range  examined,  indicating  the 
polymer  samples  were  free  of  any  significant  amount  of  impurities.  However,  it  was  found  that 
the  £  and  the  dissipation  factor  of  polymer  11  and  13  decreased  slightly  (see  Table  5  and  7) 
A  hen  the  films  which  were  soaked  in  boiling  water  for  3  hours  were  redried  in  vacuum  at  1 10 
C  for  3  days.  This  observauon  may  be  an  indication  that  the  films  contained  a  small  amount  of 
.onic  species,  probably  LiCl  which  was  used  to  increase  solubility  during  the  polymerization, 
•ind  the  ionic  impurities  were  diffused  out  when  the  films  were  soaked  in  water. 

To  determine  the  effect  of  absorbed  water  on  the  dielectric  propenies,  the  polymer  films  were 
L^oiled  m  water  for  3  hours  and  subjected  to  dielectnc  measurement  (see  Table  5,  6  and  7).  As 
expected,  the  dielectric  constants  of  the  polymers  increased  after  soaking  in  boiling  water.  It  is 
interesting  that  polymer  13  absorbed  less  water  than  polymer  11  (see  Table  10),  while  the 
change  in  dielectric  constant  after  soaking  in  boiling  water  is  much  larger  than  in  polymer  11. 
This  result  may  stem  from  the  absorbed  water  in  the  film  13  which  acts  like  a  plasticizer 
making  the  very  rigid  polymer  chain  more  mobile,  resulting  in  greater  orientation  of  the 
polarized  enaminonitrile  group. 

The  dissipation  factor  of  the  dried  film  fluctuated  very  little  over  the  frequency  range  used. 
After  the  films  were  soaked  in  water,  tan  5  data  of  polymer  13  showed  the  characteristic 
changes  caused  by  absorbed  water:  tan  6  rapidly  decreased  as  frequency  increased.  However, 
tan  5  of  polymer  11  and  12  were  almost  constant  over  the  frequency  range  examined.  It  may 
stem  from  the  interaction  of  the  absorbed  water  in  polymer  11  and  12  with  oxygen  atoms 
(ether  linkage)  and  enaminonitrile  groups,  which  affects  the  relaxation  time  of  the  absorbed 
water  molecule.  Further  investigation  of  the  change  in  tan  6  over  a  wider  range  of  frequency 
and  temperature  is  needed  to  understand  these  phenomena. 


Table  10.  Water  absorption  and  dielectric  constant  change  of  poly(enaminonitriles). 


Polymer  Water  Absorption  Dielectric  Constant 


(%) 

Change  (%)  at  100  KHz 

11 

3.17 

13.3 

12 

2.41 

11.0 

13 

2.24 

26.4 

CONCLUSIONS 


Two  new  monomers.  1  and  2,  have  been  synthesized  and  polymerized  with  several  diamines, 
producing  poly(enaminonitnlesi  with  molecular  weights  vanng  from  low  to  moderately  high, 
depending  on  the  diamine  comonomers.  The  polymers,  except  16.  were  soluble  in  polar, 
.iprotic  solvents  such  as  .\MP.  DMF.  DMAc  and  DMSO  before  curmg,  but  became  insoluble 
:n  any  organic  solvents  after  ,uring.  Polymer  16  was  only  soluble  in  hot  DMSO,  pyridine  and 
NMP  containing  1%  LiCl.  Tough  films  were  cast  from  DMF  solutions  of  polymer  11, 12, 15 
and  16.  The  films  of  polymers  13  and  14  were  somewhat  brittle. 

These  poly(enaminonitriles)  undergo  curing  at  350  -  400  *C  without  formation  of  volatile  by¬ 
products.  .Maximum  exothermic  peak  temperatures  due  to  curing  vaned  with  the  diamine 
'tructure:  electron  donating  substituents  on  the  aromanc  ring  decreased  the  cunng  temperature. 
Poly(enaminonitriles)  from  biphenyl  and  terphenyl  monomers  with  aromatic  diamines  which 
Jo  not  have  side  groups  on  the  aromatic  ring  have  excellent  thermal  stability.  Polymers  with 
more  para-linked  aromatic  rings  in  ihe  polymer  chain  have  better  thermal  stability.  Side  groups, 
,uch  as  methoxy  attached  to  the  aromatic  nng  reduced  the  thermal  stability  of  the  polymer.  The 
dielectric  constants  of  polymers  11, 12, 13,  and  14  were  found  to  be  4.95,  3.94,  4.53  and 
4.04  at  100  KHz,  respectively.  The  dielectric  constants  of  poly(enaminonitriles)  depend  on  the 
volume  of  the  repeating  unit  and  the  number  of  polar  atoms  such  as  oxygen  in  the  polymer 
chain.  A  polymer  with  larger  repeating  unit  volumes  has  a  lower  dielectric  constant  because  the 
strongly  polarized  enaminonitrile  group  is  more  diluted.  When  the  two  poly(enaminonitriles) 
have  similar  repeating  unit  volumes,  the  polymer  without  polar  atoms  in  the  chain  exhibited  a 
lower  dielectric  constant  than  the  polymer  with  polar  atoms. 
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